Abstract: Three photochemical reactions were investigated under solar irradiation conditions with moderately concentrated sunlight: the photoacylation of naphthoquinone with butyraldehyde and the dye-sensitized photooxygenations of citronellol and 1,5-dihydroxynaphthalene, respectively. All reactions were easily performed on multigram-to-kilogram scales using cheap and commercially available starting materials, and yielded important key intermediates for industrial applications.
INTRODUCTION
Over the last few decades, the call for sustainable and environmentally friendly technologies has led to an increasing interest in green chemistry [1] . Among the known green chemical approaches, organic photochemistry can serve as a valuable application since light is regarded as a clean and traceless reagent [2] . Despite this advantage, however, synthetic organic photochemistry has been widely ignored by the chemical industry. The main reason for this neglect is the high energy demand of most artificial light sources. Scharf and coworkers have recently used concentrated sunlight as an alternative and "freely available" light source for the solar chemical production of selected fine chemicals [3] . This concept leads back to the beginnings of organic photochemistry in the late 19 th century when sunlight was the only available source of radiation [4] . In contrast to the often improvised early equipment, today's solar photochemical reactions are performed with modern solar reactors and moderately to highly concentrated sunlight which allow high time-space yields [5] . During the last decade, we have realized a number of solar syntheses, and representative examples will be highlighted in this article [6] . Full experimental results and discussions can be found in the original articles.
RESULTS AND DISCUSSION
Close to Cologne, Germany, the German Aerospace Center (DLR) operates a solar chemical research facility (Fig. 1a) . Each year, the site of DLR (latitude 50°51' N, 7°07' E, 70 m above sea level) receives about 1500 h of direct sunshine (with a peak in July/August) and about 850 kWh/m 2 of direct insola-tion, which makes it a suitable location for solar chemical operations. The research plant comprises a high-flux solar furnace and several other sunlight-collecting systems [7] . With the exception of the photooxygenation of 1,5-dihydroxynaphthalene (vide infra), the Parabolic Trough Facility for Organic Photochemical Synthesis (PROPHIS) reactor was used as a sunlight-collecting system [8] . The loop (Fig. 1b) is based on a line-focusing parabolic trough collector and comprises a MAN-Helioman module (four troughs) and feeding equipment (storage vessel, pump, heat exchanger, gas fitting, etc.), the latter placed nearby in a separated shed. This reactor type requires direct sunlight since it can only concentrate the direct part of the global radiation. The collector enables a geometric concentration factor corresponding to about 32 suns, but its efficiency is reduced in practice due to optical losses. The mirror elements (each 1 m 2 ; 8 elements per trough) are made of silver-coated glass and follow the sun by a three-dimensional tracking system on two axes. The given storage vessel and feeding equipment allow experiments on 35 to 120 l scales.
While passing through the atmosphere, the solar photon stream is changed in intensity and spectral distribution. Furthermore, the quality of the direct sunlight that reaches the earth's surface is strongly dependent on the geographic location. For Cologne, Germany, Fig. 2 shows the calculated molar spectral direct solar irradiance (E pλ ) on 10 October 1995 (12:00 a.m.) together with the extraterrestrial irradiance [9] . It is important to note that not all organic photoreactions known from the laboratory are suitable for solar chemical applications. For example, no solar photons in the photochemically important region below 300 nm are detectable on the earth's surface. Additionally, only the region up to the threshold wavelength (λ s ) of 700 nm is energetically suitable to induce structural changes. For our studies, we have selected photoacylations involving quinones and dye-sensitized photooxygenations. Both types of reactions match nicely with the solar spectrum (see insets in Fig. 2 ).
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Photoacylation of quinones
Due to their absorption at wavelengths above 350 nm, quinones are excellent substrates for solar chemical applications. Thus, we have chosen the photochemical reaction between a quinone and an aldehyde as a mild and efficient alternative to thermal Friedel-Crafts acylations or Fries rearrangements [10] . This photoacylation was discovered in 1891 by Heinrich Klinger who exposed the starting materials to natural sunlight over long periods of time [11] . To find optimal reaction conditions for our modern "outdoor" approach, we studied the photoacylation in detail with artificial light [12] . A major disadvantage of the laboratory protocol was the usage of the toxic solvents benzene or acetonitrile, but nontoxic tertiary butanol was found to be a suitable alternative. For our model reaction between 1,4-naphthoquinone (1) and butyraldehyde (2), the photoproduct (3) was obtained in an isolated yield of 84 %. With these optimized reaction conditions, the photoacylation of the 1/2-pair (Scheme 1) was performed on a 500 g (3.2 mol, 1) scale using the PROPHIS plant (three troughs = 24 m 2 ) [13] . Due to the difficulty of handling pure tertiary butanol (relatively low melting point), a 3:1 mixture with acetone was used instead.
The illumination took place during 20 and 22 August 1996 for a total illumination time of 24 h (CEST: 09:00-17:00 each day). As is not untypical for the location and time of the year, the weather conditions were varying, and only the first day was optimal for reaching a high conversion. This becomes apparent when comparing the direct normal irradiance for the three-day period (Fig. 3 ) and the amounts of photons collected. At the end of the experiment, complete conversion was achieved and a yield of 90 % of 3 was determined via gas chromatography (GC) analysis (vs. eicosane). During the experimental phase, the three troughs of the PROPHIS plant collected almost 300 mol photons in the important absorption region of 1,4-naphthoquinone between 300-500 nm [9] . Of these, more than 240 mol were received during the first day alone. 
Photooxygenation of citronellol
The photosensitized oxygenation (or Schenck ene reaction) of citronellol was studied as a second example of the solar chemical synthesis concept (Scheme 2) [14] . This reaction is currently performed industrially on a >100 t/a scale by Symrise (formerly Dragoco and Haarmann & Reimer) in Germany using artificial light sources. Subsequent reduction and acid-mediated cyclization of the regioisomer 5b gives the important fragrance rose oxide. Due to its industrial importance, this photoreaction has become a prototype for solar photochemical comparison studies [15] . For the solar reactions in the PROPHIS loop, the sensitizer rose bengal was selected since it shows a favorable absorption of up to 600 nm in the solar spectrum (Fig. 2) [3b]. The solvent methanol from the industrial process was replaced by the less hazardous isopropanol.
The first experiment was performed on 11 August 1997 with only one trough (8 m 2 ), and the reactor was loaded with a solution of 5.8 l (31.8 mol) of citronellol (4) and 20 g of rose bengal in 40 l of isopropanol. Upon illumination, citronellol was rapidly consumed and after ca. 3 h, an almost quantitative conversion of 4 was achieved. GC analysis (vs. tetradecane), performed after reduction of the corresponding sample with Na 2 SO 3 , furthermore proved the high purity of the regioisomeric photoproducts, which were formed in a ratio of ca. 45:55 (5a:5b). The latter finding is in good agreement with the reported isolated yield ratio of 35:60 from the laboratory experiments with artificial light [14b] . During the experimental period, the reactor collected 47.1 mol of photons between 500-600 nm [9] . In the second run on 12 September 2002, all four troughs were used, giving a total aperture of 32 m 2 . In addition, the experiment was scaled up to 8.0 l (43.9 mol) of citronellol and 36 g of rose bengal in 72 l of isopropanol. The weather conditions were again optimal, and consequently total conversion was achieved after less than 2.5 h (Fig. 4) . During this time, the PROPHIS plant received 133.4 mol of photons in the range of 500-600 nm [9] , almost three times as much as during the experiment in 1997. After reduction to the corresponding isomeric diols and acid-catalyzed cyclization, rose oxide was obtained M. OELGEMÖLLER et al. © 2007 IUPAC, Pure and Applied Chemistry 79, 1939 -1947 1942 Scheme 2 Photooxygenation of citronellol. in excellent quality and in a yield of >99 % based on the corresponding diol 5b (55 % based on citronellol).
In 2002, we launched a detailed reactor comparison study (Fig. 5 ) using 10 vol % solutions of citronellol in isopropanol and rose bengal (0.5 g/l i-PrOH). The PROPHIS loop, a compound parabolic collector (CPC) [16] , a flat-bed [17], a horizontal, and a vertical tube reactor were used. The reactors differ in their loaded volumes (20-80 l), apertures, concentration factors, ratios of illuminated vs. nonilluminated area, operation modes (circulating vs. stationary), and oxygen feeding systems. Two series of experiments were performed under perfect (12-13 September) and poor (14-18 October) illumination conditions.
In September, all reactors reached complete conversions after 2.5 h (PROPHIS) to 15 h (flat bed).
Comparing the conversion based on time and area profiles for all five reactors showed that the CPC and the horizontal tube reactors performed best. This somewhat surprising result can be explained by the different concentration of oxygen inside the reactors as oxygen feeding is optimal for the CPC and horizontal tube reactor. In contrast, the technical set-up used for the more advanced PROPHIS plant allows gas feeding only at the bottom of the first trough. Furthermore, its feeding-nozzle generates relatively large gas bubbles with a small overall surface.
During less favorable weather conditions in October, the CPC and flat-bed reactor gave complete conversions after 30 h. In contrast, the horizontal and vertical tube reactors showed incomplete conversions of 66 % after a slightly longer illumination time of 33 h. The PROPHIS loop did not operate due to its dependence on direct radiation (its troughs are facing the ground in Fig. 5 ). Judged by conversions based on time and area, the CPC and flat bed performed most efficiently. Possibly, the larger aperture of the flat bed and lack of nonilluminated areas is advantageous under diffuse radiation conditions.
Photooxygenation of 1,5-dihydroxynaphthalene
An additionally interesting application was the synthesis of the important intermediate juglone (5- sponding thermal pathways suffer from severe disadvantages concerning yield, selectivity, sustainability, or reproducibility [19] . In contrast, the photosensitized oxygenation of 6 with artificial light sources furnishes juglone in yields of 70-88 %, even on multigram scales [20] . Two solar campaigns were realized in 2003 and 2005. For the solar chemical experiments, we selected a small parabolic trough collector designed for laboratory-scale (<500 ml) applications (Fig. 6a) . Its one-axis design allows automatic tracking of the sun for the elevation only, whereas tracking of the azimuth is performed manually every 15 min. The reactor offers a geometric concentration factor of about 15 suns, which is reduced in practice due to optical losses.
For the first solar campaign in August 2003, the trough was equipped with holographic mirrors (Fig. 6b) , which are designed to reduce warm-up effects (and thus the costs for process cooling) caused by infrared radiation. The given holographic concentrators (2 elements; 20 × 100 cm total) are made of dichromated gelatin (Holotec GmbH/Germany) and show a reflectivity range of 550 ± 140 nm-optimal for the usage of rose bengal [21] . Two experiments were conducted using rose bengal as sensitizer and isopropanol as solvent [18b] . In contrast, the laboratory procedure commonly uses more hazardous acetonitrile or a mixture of methanol/dichloromethane as solvents [20] . In both cases, the progress of the reaction was followed via GC analysis vs. tetradecane as internal standard. The first test run was performed between 4 and 5 August with 2.0 g (12.5 mmol) of diol (6) and 0.1 g of rose bengal in 200 ml of solvent. The starting material was readily consumed, and after less than 8 h, the conversion reached a constant value of 83 %. During that period, the reactor collected 7.4 mol of photons between 500-600 nm [9] . After work-up, the desired product (7) was obtained in 54 % yield (65 % based on conversion). For the second experiment on 12 August, the amount of diol (6) was reduced to 1.0 g (6.2 mmol) in order to achieve complete conversion. After less than 3 h (Fig. 7) , GC analysis revealed that most of the starting diol had been consumed. At this stage, the collector has received 2.3 mol of photons [9] . After a total illumination period of ca. 9.5 h, juglone was isolated in a yield of 79 %, which is an improvement on laboratory experiments carried out under identical conditions.
During the second campaign in August and September 2005, the reactor was equipped instead with a highly reflecting eloxated aluminum mirror (as shown in Fig. 6a ). In addition, methylene blue was selected as soluble sensitizer since it shows a favorable absorption up to 725 nm (Fig. 2) [3b] . To simplify the work-up procedure, we furthermore examined solid-supported sensitizers, in particular Sensitox ® (rose bengal on Merrifield resin) [22] and methylene blue on ion-exchange resin [23] . Both materials can be easily removed by filtration and are reusable. A total of seven experiments were realized, and two will be highlighted here [18a] .
M. OELGEMÖLLER et al. © 2007 IUPAC, Pure and Applied Chemistry 79, 1939 -1947 1944 The first experiment was conducted on 18 August with 2.0 g (12.5 mmol) of diol (6) and 0.1 g of rose bengal in 250 ml of isopropanol under almost perfect illumination conditions. The reaction mixture significantly darkened from bright red to dark brownish-red during the course of the reaction. GC analysis showed that the starting material was rapidly consumed, and after 4 h, the conversion reached an almost constant value of 93 %. During the experimental period, the reactor collected 2.0 mol of photons between 500-600 nm [9] . Juglone (7) was obtained in a high yield of 75 % (81 % based on conversion of 6) after work-up. Soluble methylene blue (0.05 g) was used in the second run, again under perfect insolation conditions. The color of the reaction mixture turned dark green-blue during the experimental period, but this did not affect the progress of the photooxygenation (Fig. 8) . At the end of the reaction, the conversion was determined as 83 % and juglone was obtained in a lower yield of 62 % (75 % based on conversion) compared to the rose bengal case. This finding is in line with the lower solar sensitizing efficiency of 0.37 for methylene blue (vs. 0.54 for rose bengal) [3b] . During the illumination, the reactor received 2.1 mol of photons between 600-700 nm-the important absorption range of methylene blue [9] . © 2007 IUPAC, Pure and Applied Chemistry 79, 1939 -1947 Production of fine chemicals with sunlight 1945 As would be expected from the heterogeneous reaction conditions, the solid-supported sensitizers gave significantly lower yields and conversions after 4 h of illumination. Methylene blue on ion-exchange resin furthermore showed severe leaching.
Although the photooxygenations of 6 required relatively long illumination times in comparison to the large-scale experiments involving citronellol (4), it should be taken into account that solar chemical experiments with nonconcentrated sunlight often require several days or weeks to reach high conversion rates [24] . Furthermore, the oxygen feeding mechanism of the reactor used was not optimal. Oxygen gas was fed in via a simple T-connector which limited its homogeneous distribution within the absorber tube.
CONCLUSION
The results obtained from the solar photochemical experiments described above clearly show that the solar chemical bulk production of specific fine chemicals can serve as a useful and environmentally friendly alternative to existing technical processes. Cost estimations for specific fine chemicals (e.g., rose oxide [15] or ε-caprolactam [25]) furthermore prove that an industrial solarchemical production can operate economically. Consequently, a realization of Giacomo Ciamician's spectacular vision of the "Photochemistry of the Future" [26] seems within range.
